Introduction
The Amami islands are located between a latitude of approximately 27 and 29 degrees north and are in the northern part of the Ryukyu (Nansei) islands, Japan. Various local Citrus are grown in this subtropical region. Among them, Citrus depressa Hayata (Shiikuwasha) is the only indigenous species. Others have been introduced from China or Southeast Asia or as new seedlings that have arisen by chance from indigenous or introduced species (Tanaka, 1946) . Since there are large geographical and climatic differences between the Amami islands and the main islands (Honshu, Kyushu, and Shikoku) of Japan, there are unique local Citrus genetic resources on the Amami islands.
Recently, the number of local Citrus in this region has been decreasing. Economically important fruit crops such as C. tankan Hayata (Tankan), Mangifera indica L. (mango), and Passiflora edulis Siems (passionfruit) have been replanted. Many Citrus trees have been in danger of lose owing to serious pests (white-spotted longicorn beetle) and disease (Huanglongbing). Thus, exploration and preservation of these local Citrus accessions are very important and urgent. In the 1990s and 2000s, Ishihata et al. (1997) , Nakano et al. (2001) , and Yamamoto et al. (2006) investigated local Citrus accessions on the Amami islands. Although many accessions were recorded and classified in these studies, the genetic relationships among them were not clarified.
Studies of genetic relationships among citrus have developed rapidly on the basis of the results of isozyme (Ashari et al., 1989; Hirai and Kajiura, 1987; Hirai et al., 1986b; Torres et al., 1978) and DNA analyses (Barkley et al., 2006; Federici et al., 1998; Nicolosi et al., 2000; Yamamoto et al., 1993) . It is necessary to conduct this kind of study on local Citrus on the Amami islands; therefore, in this study, we analyzed isozymes 269 and DNA of local Citrus accessions collected during our exploration of this region (Yamamoto et al., 2006) . For isozymes, glutamate oxaloacetate transminase (GOT), peroxidase (PX), and superoxide dismutase (SOD), which are known to provide valuable data for Citrus classification, were analyzed (Hirai and Kajiura, 1987; Hirai et al., 1986b) . Random amplified polymorphic DNA (RAPD) and cleaved amplified polymorphic sequence (CAPS) of chloroplast DNA (cpDNA), both of which are useful in the analysis of genetic relationships among Citrus (Asadi Abkenar et al., 2004; Coletta Filho et al., 1998; Nicolosi et al., 2000) , were performed for DNA analysis.
Materials and Methods

Plant material
In our exploration of eight of the Amami islands (Yamamoto et al., 2006) , leaves of local Citrus accessions were collected, brought back to Kagoshima University, and stored at −75°C until used. The control accessions in this study were preserved at the Faculty of Agriculture, Kagoshima University except for Fassarai lime. We analyzed 67 local and 23 control accessions for isozymes. For DNA analysis, 23 local and 8 control accessions were used (Table 1) . Types and species of local Citrus accessions were determined according to morphological traits. Citrus accessions were basically classified according to Tanaka's system (Tanaka, 1969 (Tanaka, , 1977 .
Isozyme analysis
Leaves were homogenized with extraction buffer (95 mM Tris, 9.5 mM dithiothreithol, 4.3 mM EDTA, 1% Triton X-100, pH 7.5). After the centrifugation of the homogenate, the supernatant was used as an extract for polyacrylamide gel electrophoresis (7.5%). The gel was stained for GOT (E.C.2.6.1.1), PX (E.C.1.11.1.7) and SOD (E.C.1.15.1.1) according to the procedures of Hirai et al. (1986a) , Hirano (1980), and Vallejos (1983) , respectively. Locus and allele nomenclature procedures adopted were those of Hirai et al. (1986b) and Hirai and Kajiura (1987) .
RAPD analysis
Total DNA was extracted from leaves according to the SDS method of Honda and Hirai (1990) . Primers were purchased from Operon (Alameda, USA) and Bex (Tokyo, Japan). OPA04, OPA09, OPA12, OPA17, OPB09, OPB11, and OPB17 (Operon primers) and D02, D03, D04, D21, D67, and D87 (Bex Common primers) were used. These primers showed highly reproducible results in preliminary experiments. The PCR reaction mixture of 12.5 µL consisted of 10 mM Tris-HCl (pH 9.0), 40 mM KCl, 1.5 mM MgCl 2 , 10 ng template DNA, 0.2 mM dNTPs, 10 pmol primer and 1.25 unit Taq polymerase (Bioneer, Daejeon, Korea). PCR reactions were performed in a PC320 (Astec, Fukuoka, Japan) thermal cycler programmed as follows: initial heating at 95°C for 3 min, 45 cycles of denaturing at 94°C for 1 min, annealing at 37°C for 2 min, extension at 72°C for 3 min, and final extension of 15 min at 72°C. Amplified products were electrophoresed on 1.5% agarose gels (Seakem GTG Agarose, Takara Bio, Otsu, Japan), and detected by staining with Mupid-Blue (Advance, Tokyo, Japan). Reproducibility of the patterns was tested by running some of the reactions in duplicate. The bands were recorded as 1 for present and as 0 for absent. Genetic distance was calculated between each pair of accessions (Dice, 1945) . For phenetic analysis, cluster analysis was conducted with Molecular Evolutionary Genetic Analysis (MEGA, ver. 3.1) software (Kumar et al., 2004) by applying the neighbor-joining (NJ) method.
Chloroplast (cp) DNA analysis
The template DNA used for cpDNA analysis was the same as that in RAPD analysis. Regions of cpDNA, rbcL (5'-ATGTCACCACAAACAGAAACTAAAGCA AGT-3')-ORF106 (5'-ACTACAGATCTCATACTACC CC-3'), were amplified using universal primers (Arnold et al., 1991) . The composition of PCR reaction mixture was as described above except for the primers. Ten picomoles of each primer were used in cpDNA analysis. PCR reactions were performed in a PC320 (Astec) thermal cycler programmed as follows: initial heating at 94°C for 1 min, 35 cycles of denaturing at 94°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 2 min, and final extension of 10 min at 72°C. Aliquots of amplified products were digested with 5 units of HhaI and HinfI (Nippon Gene, Tokyo, Japan) for 4 h at 37°C. Digested amplified products were electrophoresed on 1.5% agarose gels (Seakem GTG Agarose, Takara Bio), and detected by staining with Mupid-Blue (Advance).
Results
Of the three enzyme systems tested, GOT had two zones of activity resulting in four loci, all showing variability among local Citrus accessions of the Amami islands. All alleles observed in this study have already been reported (Hirai and Kajiura, 1987; Hirai et al., 1986b) . Since clear zymograms were not obtained for four accessions ('Masakunin' (No. 39) , 'Kubutu' (No. 48) , 'Tunge' (No. 50), and 'Bontan' (No. 58) in PX, their genotypes could not be determined.
The genotypes of four loci in local Citrus accessions are shown in Table 1 . Although four GOT-1 genotypes in local accessions were used in this study, that of many accessions was SS. The genotypes of a few accessions were SA, FS, and FF. Three genotypes of GOT-2 were observed: AA, MA, and MM. AA was only detected in 'Masakunin' (No. 39 ). All C. depressa (Shiikuwasha) (No. 1-8) except for No. 9, C. keraji hort. ex Tanaka (Kabuchii) (No. 18-25) except for No. 26, and C. oto hort. ex Tanaka (Oto) (No. 29, 30) showed MA in GOT-2, z Accessions in parentheses have tentative names. y Locus and allele nomenclature procedures adopted are those of Hirai et al. (1986b) and Hirai and Kajiura (1987) .
x Accessions used in DNA analysis are indicated by 'X'. w A: Accession number of a previous report (Yamamoto et al., 2006) . B: An accession identical to that of NIAS Genebank and its JP number. C: An accesion probably identical to that of NIAS Genebank and its JP number. D: An accession without accession number listed in a previous list (Yamamoto et al., 2005) and its page number appeared. E: Its isozyme genotype was reported in Tominaga et al. (2003) . v The genotype could not be determined because clear zymogram was not obtained. u The genotype was not analyzed. In RAPD analysis, the sizes of polymorphic fragments ranged from 500 to 2000 base pairs. There were 28 polymorphic fragments in total and 2.2 polymorphic fragments per primer on average. The number of polymorphic fragments produced by each primer ranged from one by OPA17, OPB09, OPB17, D21, and D87 to four by OPB11, D03, and D04.
On the basis of the RAPD data, genetic relationships among local Citrus accessions were assessed using NJ cluster analysis (Fig. 1) . From this result, the 31 accessions including controls could be classified into three major clusters, A, B, and C. Cluster A included C. nobilis (Kunenbo) (No. 10, 15-17), C. keraji (' 24, 26) ), C. oto (Oto) (No. 29, 30) , . C. nobilis and C. keraji were closely related. Cluster B included only control accessions. Cluster C could be divided into four subclusters as follows: subcluster C. depressa (Shiikuwasha) (3) (4) (5) 8) , some Sour orange relatives (49) (50) (51) 53, 55) such as 'Fusuu' (No. 49) and 'Kusa' (No. 53), and 'Shimamikan' (No. 32) .
In a two primer/enzyme combination, rbcL-ORF106/ HinfI and HhaI, each showed two types of banding pattern among the accessions used in this study (Table 2) .
From the two combined results, accessions were classified into three types. Type I included C. nobilis (Kunenbo) (No. 10, (15) (16) (17) 24, 26) ), C. oto (Oto) (No. 29, 30) , , , and C. rokugatsu hort. ex Yu. . Type II was composed of C. depressa (Shiikuwasha) (No. 3-5, 8) , , 'Kusa' (No. 53), and 'Shiikuu' (No. 55) . Type III consisted of only 'Shimamikan' (No. 32) . All local mandarin accessions determined to belong to cluster A in RAPD analysis were included in type I of cpDNA analysis. Meanwhile, local mandarins in types II and III in cpDNA analysis consisted of accessions in cluster C of RAPD analysis. 
Discussion
In the analytical methods used in this study, isozyme analysis detected differences in the size and shape of enzyme molecules based on electrophoretic mobilities. Among the various DNA analyses, RAPD is a fast and easy technique which amplified template DNA using an arbitrary oligonucleotide primer. CAPS is a method which detects polymorphisms by digestion of the amplified products with endonuclease. Among them, occasional spurious products can be detected in RAPD (Waugh and Powell, 1992) ; thus, we conducted RAPD in duplicate and confirmed reliable bands. On the other hand, three enzymes used in isozyme and CAPS of cpDNA analyses are well known for their ability to produce highly reliable results (Asadi Abkenar et al., 2004; Hirai and Kajiura, 1987; Hirai et al., 1986b; Nicolosi et al., 2000) .
Recent DNA analyses (Barkley et al., 2006; Federici et al., 1998; Nicolosi et al., 2000; Yamamoto et al., 1993) revealed only three basic true species of Citrus; C. medica L. (citron), C. maxima (Burm.) Merr. (pummelo), and C. reticulata Blanco (mandarin). Others are of hybrid origin and some have genes from papeda, Poncirus, or Fortunella. In our exploration of the Amami islands (Yamamoto et al., 2006) , no local citron, papeda, Poncirus or Fortunella was found and they were not considered as ancestor of local accessions investigated in accordance with morphological traits. The main objective of the present study was to clarify genetic relationships among local citrus accessions in the Amami islands. Thus, citron, papeda, Poncirus, and Fortunella were not included as control accessions.
C. depressa (Shiikuwasha) was the only indigenous species used in this study. This species is distributed over almost all of the Ryukyu (Nansei) islands. On the other hand, C. tachibana (Makino) Tanaka, another indigenous species in Japan, is distributed in the main islands (Honshu, Kyushu, and Shikoku) of Japan to the Ryukyu (Nansei) islands. C. depressa and C. tachibana can be clearly distinguished, although there is a genetic relationship between them (Yamamoto et al., 1998 (Yamamoto et al., , 2010a . Although phylogenic analysis of C. depressa in the Okinawa islands has been performed (Urasaki et al., 2005; Yamamoto et al., 1998) , its analysis in the Amami islands has never been conducted. This is the first report on isozyme and DNA analyses of C. depressa in the Amami islands. There are two types of isozyme genotype in C. depressa in the Amami islands. Both types have already been reported in C. depressa from Okinawa (Yamamoto et al., 1998) . A small difference in genotype was observed between C. depressa on Amami and Okinawa; AD for PX is predominant in C. depressa from Amami whereas CD for PX is predominant in that from Okinawa. In RAPD analysis, three out of four C. depressa accessions from the Amami islands always showed identical banding patterns. Close relationships between C. depressa from the Amami and Okinawa islands were observed. Similar results were obtained in inter simple sequence repeat (ISSR) analysis (Yamamoto et al., 2010a) . These results suggested high genetic homology among the C. depressa in the Amami islands and relatedness between those from Amami and Okinawa, although a large number of accessions require further analysis.
C. nobilis (Kunenbo), which originated in Vietnam, is considered to be a natural tangor (a hybrid of mandarin and sweet orange) and was introduced into Japan more than 400 years ago (Tanaka, 1948) . The type of cpDNA of C. nobilis is distinguished from those of most mandarins, but is identical to that of C. maxima (pummelo) and is probably derived from C. sinensis (sweet orange) (Yamamoto and Kobayashi, 1996) . Thus, the female ancestor of C. nobilis is considered to be C. sinensis, although its male parent has not been elucidated. All C. nobilis accessions showed identical isozyme genotypes, and RAPD and cpDNA profiles in this study owing to clonal propagation, with the exception of 'Unjoki'. The fruit trait of 'Unjoki' is slightly different from that of Kunenbo (Yamamoto et al., 2006) and this is considered to be the result of seedlings that arose by chance from C. nobilis.
The type of cpDNA of C. keraji and C. oto is the same as that of C. nobilis. Moreover, these three species were determined to belong to the same cluster in RAPD analysis. In particular, 'Keraji-Kikaijima' was closely related to C. nobilis, suggesting that they arose from C. nobilis as a female ancestor. These results agree with a previous report (Yamamoto et al., 2010a) . On the other hand, involvement of Japanese mandarins such as C. depressa in the development of Kabuchii and C. oto was observed. Their GOT-2 genotype was MA and the A is a characteristic allele of Japanese mandarin (Hirai et al., 1986b) . It could be considered that C. nobilis and C. depressa played a part in the origin of various mandarin accessions that arose as chance seedlings on the Amami islands. Limited genetic variability within Kabuchii was detected in isozyme and RAPD analyses; 'Irabuoto' was slightly different from other accessions. 'Irabuoto' is grown in Yoronjima, which is very close to Okinawa island. Since Kabuchii is distributed on Okinawa island (Inafuku-Teramoto et al., 2010) , it is necessary to conduct analysis of genetic relationships of Kabuchii grown on both Amami and Okinawa islands.
'Shimamikan' was distinct from both C. depressa and C. nobilis in RAPD analysis. Moreover, its cpDNA was distinguished from those of all other local Citrus on the Amami islands. Although in this study this type of cpDNA was detected only in 'Shimamikan' and 'Genshokan', it was observed in several mandarins, such as C. unshiu Marcow., C. reticulta Blanco, and C. kinokuni hort. ex Tanaka (Yamamoto, et al., 2010b ). It has not been possible to confirm whether the origin of 'Shimamikan' is as a chance seedling that arose on the Amami islands or whether it was introduced.
C. rokugatsu, 'Kusa', and 'Shiikuu' have been considered to be C. aurantium relatives on the basis of morphological traits (Tanaka, 1969) ; however, their genetic relationship with C. aurantium is unclear. By contrast, the involvement of C. depressa in the development of C. rokugatsu, 'Kusa', and 'Shiikuu' was proposed; all possessed A in GOT-2, a characteristic allele of Japanese mandarin, and they were determined to belong to a C. depressa cluster in RAPD analysis. Although a close relationship between C. rokugatsu and 'Kusa'/'Shiikuu' was observed in RAPD analysis, their cpDNA profiles were different. These results suggest that C. rokugatsu and 'Kusa'/'Shiikuu' arose independently.
Morphologically different 'Keraji' were found in both Kikaijima and Kakeromajima. The results of isozyme and RAPD analyses proved that these two accessions are completely different. The same result was observed for 'Kikaimikan' grown in Kikaijima and Okinoerabujima. These two accessions are genetically different. 'Oto' of Okinoerabujima is different from 'Oto' (C. oto) on Okinawa.
For the results mentioned above, studies of genetic relationships among local Citrus accessions in the Amami islands has developed. In particular, we could demonstrate that C. depressa and C. nobilis played a part in the origin of many local Citrus in this region; however, the origin of both species is still unresolved. Barkley et al. (2006) reported genes from Fortunella/papeda and Poncirus to C. depressa and C. nobilis, respectively; therefore, it is necessary to conduct DNA analysis including the above mentioned species and basic species. In addition, the Ryukyu (Nansei) islands consist mainly of the Amami and Okinawa islands. There are close geographical and historical relationships between these two regions; thus, it is necessary to conduct studies of the genetic relationships among local Citrus accessions grown all over the Ryukyu (Nansei) islands.
